Aim/hypothesis This study was designed to determine whether type 2 diabetic adolescents have reduced aerobic capacity and to investigate the role of cardiac output and arteriovenous oxygen difference (a−vO 2 ) in their exercise response. Methods Female adolescents (age 12-18 years) with type 2 diabetes mellitus (n=8) and type 1 diabetes mellitus (n=12) and obese (n=10) and non-obese (n=10) non-diabetic controls were recruited for this study. Baseline data included maximal aerobic capacity (cycle ergometer) and body composition. Cardiac output and a−vO 2 were determined at rest and during submaximal exercise. Results Diabetic groups had lower aerobic capacity than nondiabetic groups (p<0.05). Adolescents with type 2 diabetes had lower aerobic capacity than the type 1 diabetic group. Maximal heart rate was lower in the type 2 diabetic group (p <0.05). Exercise stroke volume was 30-40% lower at 100 and 120 beats per min in the diabetic than in the nondiabetic groups (p<0.05). The a−vO 2 value was not different in any condition. Conclusions and interpretation Type 2 diabetic adolescents have reduced aerobic capacity and reduced heart rate response to maximal exercise. Furthermore, type 2 and type 1 diabetic adolescent girls have a blunted exercise stroke volume response compared with non-diabetic controls. Central rather than peripheral mechanisms contribute to the reduced aerobic capacity in diabetic adolescents. Although of short duration, type 2 diabetes in adolescence is already affecting cardiovascular function in adolescents.
Introduction
Type 2 diabetes mellitus is becoming increasingly recognised in adolescents as a result of the rising prevalence of obesity, particularly in girls [1] . Although many recognised consequences of diabetes in adults have been studied extensively, little is known about the effect of type 2 diabetes mellitus on the cardiovascular function of adolescents as this has traditionally been an adult disease [2] . A recent report suggests that adolescents with type 2 diabetes mellitus have lower maximal aerobic capacity compared with non-diabetic adolescents [3] and reduced exercise tolerance compared with adolescents with type 1 diabetes [4] . However, there are limited data on cardiac function, in particular cardiac output and stroke volume, and the relative contributions of central (cardiac) and peripheral cardiovascular impairment on exercise capacity in adolescent diabetic patients remain unclear. Therefore we aimed to determine whether central or peripheral mechanisms contributed to lower aerobic capacity in diabetic adolescents. To achieve this, we compared aerobic capacity (volume of oxygen consumed; : V O 2 ), cardiac output and the arteriovenous oxygen difference (a−vO 2 ) at rest and during exercise in four groups of female adolescents (12-18 years): (1) type 2 diabetes mellitus (n= 8); (2) type 1 diabetes mellitus (n=12); (3) obese nondiabetic controls (n=10); and (4) non-obese (n=10) nondiabetic controls.
Methods
Baseline data included HbA 1c , body composition determined by dual-energy X-ray absorptiometry (Lunar Prodigy; GE Healthcare, Madison, WI, USA) and maximal oxygen consumption ( : V O 2max ) assessed using an electronically braked cycle ergometer (Schiller, Baar, Switzerland). Cardiac output, a−vO 2 and stroke volume were then determined at rest and during submaximal exercise using CO 2 rebreathing (equilibration method) [5] . To eliminate the potentially confounding effects of heart rate on stroke volume, measurements were taken at rest and while participants pedalled at workloads that elicited heart rates of 100 and 120 beats per min. None of the participants had diabetic complications or coexisting cardiovascular disease.
The non-diabetic adolescents groups were selected to have distributions of body fat percentage similar to those of the diabetic groups to control for the independent effect of body composition. This study was approved by the Northern Y Regional Ethics Committee, Ministry of Health, New Zealand, and all participants under 16 years of age had parental consent to participate in the study.
Statistical analyses Baseline group comparisons were performed by ANOVA. The maximal exercise response was examined using linear regression models. Haemodynamic responses to exercise over time were compared using linear mixed models for repeated measures. HbA 1c and body fat percentage were included in these models and differences between the two diabetic groups and between diabetic and non-diabetic adolescents were tested using a priori contrasts. Significant interactions between time and group in cardiac output and stroke volume were further investigated using ANOVA and post hoc Tukey multiple comparison tests at the three time points. Data were analysed using standard statistical software (SPSS, Chicago, IL, USA; SAS, Cary, NC, USA).
Results
Group characteristics and responses to maximal exercise are summarised in Table 1 . The type 2 diabetic group had lower maximal aerobic capacity and heart rate than the type 1 diabetic group (p<0.05). In addition, aerobic capacity indexed for fat-free mass (ml [kg FFM
) was higher in the Figure 1 illustrates resting and submaximal exercise haemodynamic response. Cardiac output (l/min) and stroke volume (ml) were lower at rest and during submaximal exercise in the type 1 diabetic group than in all other groups (p<0.01) and higher at 120 beats per min in the obese group compared with all other groups (p<0.01). Cardiac output (l/min) increased more in the non-diabetic groups than in the diabetic groups in response to submaximal exercise (p< 0.001). The changes in cardiac output and stroke volume in response to exercise (over time) in the diabetic groups were similar (p=0.1 and p=0.2 respectively). Cardiac output and stroke volume were then indexed to fat-free mass (CO ffm and SV ffm respectively) in order to account for group differences in body composition. The CO ffm and SV ffm responses to submaximal exercise were 30-40% lower in both type 1 and type 2 diabetic groups than in the non-diabetic groups (p< 0.001 and p<0.01 respectively). The changes in CO ffm and SV ffm responses to exercise in the diabetic groups were similar (p=0.5 and 0.6 respectively). The a−vO 2 was not different between groups in all conditions (p=0.3). Analyses did not find any evidence that diabetes duration or HbA 1c were associated with the reductions in CO ffm and SV ffm . Body fat percentage was associated with lower maximal heart rate (p= 0.028), higher cardiac output (l/min; p<0.001) and larger stroke volume (ml; p<0.001).
Discussion
This study demonstrates that female adolescents with type 2 and type 1 diabetes mellitus have reduced aerobic capacity and blunted stroke volume responses to submaximal exercise compared with non-diabetic controls. Furthermore, girls with type 2 diabetes mellitus have a lower aerobic capacity and maximal heart rate than girls with type 1 diabetes mellitus. These findings suggest that cardiac impairment occurs early in the progression of diabetic complications.
The main finding of this study is that stroke volume was lower during submaximal exercise in type 2 and 1 diabetic adolescents. While the data from this study do not elucidate the mechanisms involved, diabetes-related cardiovascular characteristics may explain the lower exercising stroke volume in diabetic patients. Prolonged hyperglycaemia alters myocardial structure through the accumulation of advanced glycation end-products and, in the case of collagen, by promoting fibrosis and decreased connective tissue flexibility [6] . Because the increment in stroke volume during upright exercise is caused primarily by increases in end-diastolic volume [7] , increased myocardial stiffness and/or altered filling characteristics might limit the exercise.
Maximal heart rate was lower in type 2 diabetic female adolescents than in other groups. Because the respiratory exchange ratio was greater than 1.05 in all groups and all but one type 2 diabetic participant had a plateau in
V O 2 with increase in workload) during maximal test, we do not believe this represented an inability to achieve the true maximum. An alternative explanation is that autonomic dysfunction, which appears in diabetic adults [8] , occurs in type 2 diabetic adolescents. Autonomic neuropathy has been described early after the diagnosis of type 2 diabetes [4] and reduced maximal heart rate has been reported in type 2 diabetic adults [9] . Of particular interest, type 2 diabetic female adolescents may have lower heart rate variability than type 1 diabetic adolescents [4] . In this context, we believe our finding of lower peak heart rate indicates that type 2 diabetic adolescents, like their adult counterparts, may have an impaired autonomic response to exercise. However, further investigation is needed to clarify Fig. 1 Haemodynamic data. Cardiac output (a, b), stroke volume (c, d) and a−vO 2 (e) in type 2 diabetes mellitus (blue), type 1 diabetes mellitus (red), obese non-diabetic (green) and non-obese non-diabetic (black) adolescents. p<0.05 type 1 vs type 2 diabetic groups at rest, 100 and 120 (beats per min) (a, c); p<0.05 diabetes vs non-diabetes groups at 100 and 120 (beats per minute) (a-d); p<0.01 type 1 diabetes vs all other groups at rest, 100 and 120 (beats per minute) (a, c); p<0.01 obese vs all other groups at 120 (beats per minute) (a, c). Data are mean±SE the causes of the lower peak heart rate in type 2 diabetic adolescents.
The a−vO 2 , calculated using the Fick equation and measured cardiac output and oxygen uptake, is lower during exercise in adult type 2 diabetic patients [5] , but not in diabetic adolescents. Baldi et al. [5] found that a−vO 2 was lower during exercise in type 2 diabetic adults and postulated that impaired endothelial function may have effected a maldistribution of blood to exercising muscle. In contrast, we found that a−vO 2 was the same in diabetic as in non-diabetic adolescents. Further investigations are needed to clarify the contribution of peripheral function to the decreased aerobic capacity of diabetic adolescents, since impaired endothelial function has already been observed in this population [10] . This is a relatively small study and the results should be viewed as preliminary data. However, they demonstrate abnormalities in cardiac function that impair : V O 2 at a relatively early stage in the absence of clinically overt microvascular or macrovascular disease.
In conclusion, adolescent type 1 and 2 diabetic female patients have decreased aerobic capacity and a blunted stroke volume response to submaximal exercise compared with non-diabetic adolescents. Type 2 diabetic adolescents may also have an impaired autonomic response to exercise, limiting their peak heart rate and further limiting aerobic capacity. It remains unclear whether these changes can be attenuated or reversed by improving metabolic control or exercise training.
